AFRL-RZ-WP-TP-2009-2175 


STABILITY  OF  FIBER  OPTIC  NETWORKED 
DECENTRALIZED  DISTRIBUTED  ENGINE  CONTROL 
UNDER  TIME  DELAYS  (POSTPRINT) 

Rohit  K.  Belapurkar,  Rama  K.  Yedavalli,  and  Behzad  Moslehi 


The  Ohio  State  University 


AUGUST  2009 


Approved  for  public  release;  distribution  unlimited. 

See  additional  restrictions  described  on  inside  pages 


STINFO  COPY 


AIR  FORCE  RESEARCH  LABORATORY 
PROPULSION  DIRECTORATE 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OH  45433-7251 
AIR  FORCE  MATERIEL  COMMAND 
UNITED  STATES  AIR  FORCE 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite 
1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  0MB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YY) 

August  2009 

4.  TITLE  AND  SUBTITLE 


2.  REPORT  TYPE 


Conference  Proceedings  Postprint 


3.  DATES  COVERED  tFrom  -  To) 

3 1  August  2008  -  01  August  2009 


STABILITY  OF  FIBER  OPTIC  NETWORKED  DECENTRALIZED  DISTRIBUTED 
ENGINE  CONTROL  UNDER  TIME  DELAYS  (POSTPRINT) 


6.  AUTHOR(S) 

Rohit  K.  Belapurkar  and  Rama  K.  Yedavalli  (The  Ohio  State  University) 
Behzad  Moslehi  (Intelligent  Fiber  Optic  Systems  Corporation) 


5a.  CONTRACT  NUMBER 

FA9550-08-C-0061 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT 
NUMBER 

65502F _ 

5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

The  Ohio  State  University  Intelligent  Fiber  Optic  Systems  Corporation 

Columbus,  OH  43210  Santa  Clara,  CA  95054 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory 
Propulsion  Directorate 

Wright-Patterson  Air  Force  Base,  OH  45433-7251 
Air  Force  Materiel  Command 
United  States  Air  Force 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 

13.  SUPPLEMENTARY  NOTES 

Conference  proceedings  of  the  45th  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference,  2-5  Aug  2009,  Denver,  CO. 
PAO  Case  Number:  88ABW-2009-3532,  31  Jul  2009.  Paper  contains  color,  text,  and  briefing  charts. 

14.  ABSTRACT 

The  importance  of  distributed  architecture  for  turbine  engine  control  is  well  discussed  in  literature.  Distributed 
turbine  engine  control  architecture  enables  the  use  of  new  performance  optimization  methods  along  with 
achieving  weight  reduction.  Communication  constraints  like  time  delays  and  packet  dropouts  can  limit  the 
performance  of  distributed  engine  control.  In  this  paper,  we  propose  a  controller  which  will  stabilize  the  time 
delay  system  based  on  delay  independent  condition.  The  controller  under  decentralized  framework  is  also 
studied  for  stability  under  both  time  delays  and  packet  dropouts.  The  proposed  Decentralized  Distributed  Full 
Authority  Digital  Engine  Control  (D^FADEC)  is  implemented  using  Fiber  Optics  and  is  validated  using  a  gas 
turbine  engine  model. 


15.  SUBJECT  TERMS 

stability  of  distributed  engine  control  systems,  decentralized  distributed,  decentralized  framework,  packet  dropping, 
improving  the  stability 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

18.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON  (Monitor) 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

OF  ABSTRACT: 

OF  PAGES 

Alireza  R.  Behbahani 

Unclassified 

Unclassified 

Unclassified 

SAR 

44 

19b.  TELEPHONE  NUMBER  (Include  Area  Code) 

N/A 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSORING/MONITORING 
AGENCY  ACRONYM(S) 

AFRL/RZTF 

11.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER(S) 

AFRL-RZ- WP-TP-2009-2 1 75 


standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39-18 


1 


Stability  of  Fiber  Optic  Networked  Decentralized 
Distributed  Engine  Control  under  Time  Delays 


Rohit  K.  Belapurkar^  and  Rama  K.  Yedavalli^ 

The  Ohio  State  University,  Columbus,  OH,  43210,  USA 

Behzad  Moslehi^ 

Intelligent  Fiber  Optic  Systems  Corporation,  Santa  Clara,  CA,  95054,  USA 


The  importance  of  distributed  architecture  for  turbine  engine  control  is  well  discussed  in 
literature.  Distributed  turbine  engine  control  architecture  enables  the  use  of  new 
performance  optimization  methods  along  with  achieving  weight  reduction.  Communication 
constraints  like  time  delays  and  packet  dropouts  can  limit  the  performance  of  distributed 
engine  control.  In  this  paper,  we  propose  a  controller  which  will  stabilize  the  time  delay 
system  based  on  delay  independent  condition.  The  controller  under  decentralized 
framework  is  also  studied  for  stability  under  both  time  delays  and  packet  dropouts.  The 
proposed  Decentralized  Distributed  Full  Authority  Digital  Engine  Control  (D^FADEC)  is 
implemented  using  Fiber  Optics  and  is  validated  using  a  gas  turbine  engine  model. 


FADEC 

D^FADEC 

DEC 

DCS 

NCS 

TDS 

PDM 

FDE 


Nomenclature 

Full  Authority  Digital  Engine  Control 

Decentralized  Distributed  Full  Authority  Digital  Engine  Control 

Distributed  Engine  Control 

Distributed  Control  Systems 

Networked  Control  Systems 

Time  Delay  System 

Packet  Dropping  Margin 

Functional  Differential  Equation 


I.  Introduction 

IN  recent  years,  increasingly  sophisticated  electronics  have  been  added  to  the  engine  control  system  for  addressing 
the  needs  of  increased  performance,  wider  operability,  and  reduced  life-cycle  cost.  Research  is  being  carried  out 
to  make  aircraft  propulsion  systems  more  intelligent,  reliable,  self-diagnostic,  self-prognostic,  self-optimizing,  and 
mission  adaptable  while  also  reducing  engine  acquisition  and  maintenance  costs.  This  has  driven  the  need  for  a  new, 
advanced  control  system  based  on  a  distributed  architecture^"'^.  Distributed  Engine  Control  based  on  time  triggered 
architecture  is  extensively  studied  in  literature  The  advantages  of  a  decentralized  control  scheme  for  a  gas  turbine 
engine  are  also  well  discussed  in  literature^.  This  decentralized  approach  was  applied  to  distributed  control  and  a 
control  design  procedure,  labeled  decentralized  distributed  full-authority  digital  engine  control  (D^FADEC)  based 
on  a  two-level  decentralized  control  framework^^,  was  proposed^  ^  It  was  shown  that  the  packet  dropping  margin^^, 
which  is  a  measure  of  stability  robustness  under  packet  dropouts,  is  largely  dependent  on  the  closed-loop  controller 
structure  and  that,  in  particular,  a  block-diagonal  structure  is  more  desirable.  The  proposed  methodology  was 
applied  to  an  FI 00  gas  turbine  engine  model^^,  which  clearly  demonstrates  the  usefulness  of  decentralization  in 
improving  the  stability  of  distributed  control  under  packet  dropouts.  In  section  II,  we  will  briefly  review  the 
distributed  engine  control  architecture  and  communication  protocol.  The  controller  design  based  on  delay 
independent  stability  condition  is  given  in  section  III  along  with  a  hybrid  modeling  of  the  control  system. 


^  Doctoral  Student,  Department  of  Aerospace  Engineering,  belapurkar.2@osu.edu,  AIAA  Student  Member. 
^  Professor,  Department  of  Aerospace  Engineering,  yedavalli.l@osu.edu,  AIAA  Associate  Fellow. 

^  Founder/CEO/CTO,  Intelligent  Fiber  Optic  Systems  Corporation  (IFOS),  bm@ifos.com. 
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II.  Distributed  Engine  Control  Systems 

FADEC  Based  on  Distributed  Engine  Control  Architecture 

Gas  turbine  engines  have  played  a  very  important  role  in  establishing  air  dominance  of  United  States  Armed 
Forces  and  have  also  greatly  revolutionized  air  travel.  Future  engines  are  expected  to  have  higher  engine  thrust-to- 
weight  ratio  and  low  engine  fuel  consumption  along  with  increased  performance,  wider  operability,  and  reduced 
life-cycle  cost.  Research  is  being  carried  out  to  make  aircraft  propulsions  systems  more  intelligent,  reliable,  self¬ 
diagnostic,  self-prognostic,  self-optimizing  and  mission  adaptable  while  also  reducing  the  engine  acquisition  and 
maintenance  cost.  Distributed  Engine  Control  (DEC)  is  one  of  the  means  of  achieving  this  objective.  In  Distributed 
Engine  Control,  the  functions  of  Full  Authority  Digital  Engine  Control  (FADEC)  are  distributed  at  the  component 
level.  Each  sensor/actuator  is  to  be  replaced  by  a  smart  sensor/actuator.  These  smart  modules  will  include  local 
processing  capability  to  allow  modular  signal  acquisition  and  conditioning  and  diagnostics  and  health  management 
functionality.  Dual  channel  digital  serial  communication  network  will  be  used  to  connect  these  smart  modules  with 
FADEC.  Fig.  1  shows  the  schematic  of  FADEC  based  on  distributed  control  architecture. 


Figure  1.  Distributed  Engine  Control  Architecture 

Reduction  of  engine  control  system  weight,  modularity,  obsolescence  reduction,  scalability,  and  reduction  in 
operational  and  maintenance  cost  are  some  of  the  perceived  benefits  of  DEC.  As  the  performance  of  the  DEC  will  be 
dependent  on  the  performance  of  the  communication  network,  the  appropriate  selection  of  communication 
architecture  is  very  important.  Some  of  the  existing  off-the-shelf  open  system  communication  standards  are  MIL- 
STD-1553,  SAFEbus,  FlexRay,  CAN,  SPIDER,  TTP/C  and  IEEE  I394b/Firewire.  For  safety-critical  DCS,  there  is  a 
clear  preference  for  time-triggered  protocols  over  the  event-driven  protocols.  Time-triggered  protocols  offer  high 
level  of  reliability  with  fault-tolerance.  One  of  such  time  triggered  architecture,  TTP/C,  has  clear  advantages  over 
the  others ^"^.TTP/C  is  specially  designed  for  the  safety  critical,  hard  real-time  distributed  control.  Along  with  high 
transmission  rate,  TTP/C  has  high  data  efficiency,  error  detection  with  short  latency,  a  fault-tolerant  clock 
synchronization  service,  and  distributed  redundancy  management.  TTP/C  can  tolerate  multiple  faults  and  high 
degree  of  temporal  predictability.  TTP/C  can  be  implemented  using  both  fiber-optics  physical  layer  as  well  as  an 
electrical  physical  layer.  Use  of  fiber  optics  has  certain  advantages,  for  example,  immunization  to  electromagnetic 
interference,  reduction  in  system  weight,  higher  bandwidth  etc. 

Fully  and  partially  distributed  systems  are  well  discussed  in  literature.  Such  systems  consist  of  several  local 
controllers  coordinated  by  a  supervisory  controller.  These  local  controllers  can  be  used  to  control  or  optimize 
inlet/fan,  compressor,  combustor  or  turbine.  Such  a  framework  of  local  and  supervisory  controllers  can  be  viewed  as 
a  decentralized  architecture.  Hence,  we  propose  the  use  of  Decentralized  Distributed  Full  Authority  Digital  Engine 
Control  (D^FADEC).  Fig.  2  shows  the  proposed  D^FADEC  implemented  using  TTP/C. 

As  seen  in  Fig.2,  two  fiber  optic  channels  are  used  as  physical  layer.  Smart  Sensors  or  Smart  Actuators,  which 
each  consists  of  a  Fiber  Bus  Interface  Module  (FBIM),  a  TTP/C  Module  and  a  Sensor/ Actuator  Module,  are 
connected  to  each  of  the  fiber  optic  channels.  The  TTP/C  module  is  shown  in  Fig.  3 
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Figure  2.  D^FADEC  Architecture 


Figure  3:  TTP/C  Module 

The  sensor  module  shown  in  Fig.2  can  consist  of  only  one  sensor  or  an  array  of  sensors.  The  function  of  sensor 
module  is  to  collect  the  information  from  array  of  sensors,  perform  I/O  conditioning  and  if  required,  can  also 
perform  other  functions  like  health  management  and  diagnostics.  TTP/C  module  then  encodes  the  data  using  the 
time  triggered  protocol.  FBIM  consist  of  optical  interface  that  supports,  adds,  drops,  broadcasts  and  passes  optical 
signals  on  a  bi-directional  ring  bus  with  automatic  protection.  There  can  be  a  global  supervisory  controller,  which 
oversees  the  control  action  as  well  as  a  group  of  local  controllers,  for  example,  inlet  fan  controller,  compressor 
controller,  etc. 
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Communication  Protocol 

As  TTP/C  is  based  on  Time  Division  Multiple  Access  (TDMA)  method,  each  node  gets  a  predetermined  time  slot  to 
transmit  the  information.  While  one  node  is  transmitting  the  information,  all  the  remaining  nodes  receive  and 
process  the  information.  TTP/C  has  an  inbuilt  mechanism,  which  verifies  if  the  data  packet  is  received  correctly  or 
not.  Node  faults,  faults  in  fiber  optic  physical  layer  or  noise  can  corrupt  the  data  packets.  If  the  data  packet  is  found 
to  be  corrupted,  the  data  packet  is  dropped  and  the  node  does  not  get  a  retransmission  attempt.  It  has  to  wait  until  its 
next  time  slot,  which  is  during  the  next  TDMA  round,  to  retransmit  a  new  data  packet.  Although  redundant  physical 
layer  avoids  packet  dropouts  due  to  noise,  faulty  node  can  still  cause  the  data  packets  on  both  the  channels  to  be 
corrupted.  Hence,  packet  dropouts  are  important  and  need  to  be  studied  for  system  stability.  Also,  each  module  in 
the  smart  sensors  and  smart  actuators  will  introduce  a  time  delay.  Due  to  the  presence  of  time-stamps,  the  delay  will 
be  constant,  predictable/known  and  bounded.  The  controller  will  have  to  be  designed  such  that  this  delay  is  less  than 
the  maximum  time  delay  which  can  be  sustained  by  the  system  before  becoming  unstable.  The  importance  of 
studying  DEC  for  stability  under  communications  constraints  is  well  explained  in  Ref  [11,15-16].  For  implementing 
DEC  using  TTP/C,  it  is  necessary  to  design  the  system  such  that  it  is  robust  against  time  delays  and  packet 
dropouts 


Figure  4:  D^FADEC  with  smart  sensors/actuator  and  Turbine/Supervisory  Controllers 

Above  figure  also  shows  D^FADEC  with  the  sequence  of  time  slots.  The  first  three  time  slots  are  reserved  for  sensor 
data,  fourth  for  turbine  controller,  which  acts  like  a  local  controller  and  fifth  for  supervisory  FADEC.  During  this 
time  slot,  all  the  actuator  nodes  receive  the  data.  However,  the  actuator  nodes  may  have  feedback  sensors,  which 
may  necessitate  the  need  of  reserving  time  slot  for  actuator  node  transmission,  during  which,  the  information  from 
actuator  feedback  sensors  will  be  transmitted  to  supervisory  controller.  As  D^FADEC  consists  of  several 
sensor/actuator  nodes,  the  entire  state  information  or  output  cannot  be  transmitted  using  a  single  packet;  instead 
multiple  packet  transmission  has  to  be  implemented.  The  sequence  of  multiple  packets  received  by  the  controller 
will  be  predetermined  during  the  design  phase  and  will  remain  fixed  throughout  the  operation.  For  simplicity,  we 
will  first  assume  single  packet  transmission  and  perform  stability  and  performance  analysis  under  time  delays.  Also, 
we  will  first  verify  if  the  available  bandwidth  is  sufficient  for  DEC.  Application  data,  i.e.  bits  required  for  each 
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sensor  information  is  36  bits^.  Protocol  overhead  for  TTP/C  is  32  bits  which  include  8  bits  for  frame  header  and  24 
bits  for  CRC.  Hence,  assuming  that  10  sensors  are  connected  to  each  node,  each  node  will  transmit  one  data  packet 
of  length  50  bytes  per  round.  Assuming  50%  efficiency  and  sampling  at  lOOHz  (10  msec)^,  1  Mbits/s  is  sufficient 
bandwidth  for  25  nodes  having  10  sensors  each.  As  the  required  bandwidth  (1  Mbits/s)  is  far  less  than  the  available 
bandwidth  for  TTP/C  implemented  using  optical  fiber  network  (5  Mbits/sec),  TTP/C  can  be  successfully  used  for 
D^FADEC. 


III.  Stability  Analysis  under  Time  Delay 

During  the  mathematical  description  of  a  physical  process,  one  assumes  that  the  dynamic  behavior  of  the  process 
depends  only  on  the  present  states.  However,  this  assumption  is  not  valid  when  there  is  an  information  transfer.  In 
such  cases,  the  dynamic  behavior  of  the  process  depends  on  the  former  states.  Such  systems  are  known  as  Time 
Delay  Systems  (TDS).  The  difference  between  the  former  and  present  states  is  known  as  time  delay.  The  physical 
plant  is  connected  to  the  controller  using  a  control  network  which  has  a  finite  data  transmission  capability.  Also  the 
controller  requires  finite  time  for  computation.  Hence,  three  time  delays  are  introduced  in  the  system,  which  shown 
in  fig.  5. 


Figure  5:  Typical  Networked  Control  Systems  with  delay  process 


^SC  =  Delay  in  data  transmission  between  sensor  and  controller. 
T(j'^C  =  Delay  in  controller 

=  Delay  in  data  transmission  between  controller  and  actuator. 


Hence,  the  total  delay  which  has  to  be  considered  is  ^  “  '^SC  ■*"  ^CA 


Time  delay  system  is  represented  mathematically  using  Functional  Differential  Equation  (FDE)  with  delay,  r 
TDS  can  be  represented  as  follows. 

m  =  Axit)  +  AjXit  -  t)  ^  +  AaxCt-T^ 

x(tQ  +  ^)  =  (j){6),  6  G  [-r,0] 


(1) 


The  above  equation  represents  an  unforced  linear  FDE  with  single  delay  factor.  Matrix  represents  the  strength  of 
delayed  states  on  systems  dynamics.  Stability  conditions  for  TDS  are  obtained  by  giving  characteristics  of  the 
stability  regions  for  linear  systems  with  delayed  state  in  terms  of  delays.  Hence,  two  stability  conditions  arise  which  are 
as  follows 

1 .  Delay  Independent  Stability 

Stability  conditions  which  do  not  depend  on  the  delay  size  are  known  as  delay  independent  stability 
conditions.  Delay  independent  stability  holds  for  all  positive  and  finite  value  of  delays.  Hence,  this  imparts 
robustness  to  the  system  with  respect  to  time  delay. 

2.  Delay  Dependent  Stability 

Delay  dependent  stability  conditions  are  those  which  depend  on  the  delay  size.  In  these  conditions,  stability  is 
preserved  only  for  some  finite  value  of  delay  and  it  is  unstable  for  all  other  values.  Hence,  these  conditions 
are  less  robust  than  delay  independent  conditions. 
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stability  analysis  considering  both  time  delays  and  packet  dropouts 

It  is  necessary  to  study  the  effect  of  both  packet  dropouts  and  time  delays  on  system  stability  and  performance. 
Packet  dropouts  can  be  either  modeled  as  stochastic  process  or  as  a  deterministic  process.  In  Ref  [II],  packet 
dropouts  were  modeled  as  independent  and  identically  distributed  (i.i.d.)  process.  It  was  shown  that  Packet  Dropping 
Margin  (PDM),  which  is  a  measure  of  stability  robustness  under  packet  dropouts,  is  largely  dependent  on  the  closed 
loop  controller  structure;  and  that  in  particular  block  diagonal  structure  is  more  desirable.  Thus,  a  controller  design 
method  in  a  decentralized  framework  was  proposed  to  improve  the  PDM.  One  of  the  main  advantages  of  this 
technique  for  handling  packet  dropouts  is  that  any  controller  method  can  be  followed  as  PDM  calculation  is  based 
entirely  on  the  closed  loop  systems.  However,  determining  the  Packet  Dropping  Probability  (PDP)  of  TTP/C  using 
fiber  optic  as  physical  layer  is  cumbersome  process.  Hence,  in  this  research,  we  will  model  packet  dropouts  in  a 
deterministic  fashion  and  obtain  the  maximum  number  of  consecutive  packets  which  can  be  dropped  without 
destabilizing  the  system.  If  a  packet  is  dropped,  the  node  has  to  wait  for  its  next  time  slot  in  order  to  retransmit  the 
packet.  This  enables  to  represent  packet  dropouts  using  time  delays,  and  by  designing  the  system  such  that  the 
maximum  allowable  delay  bound,  is  maximized,  in  turn,  makes  the  system  robust  for  stability  under  packet  dropouts 
as  well  as  under  time  delays. 

Consider  an  interconnected  system  shown  as  below 

x(0  =  Ax(t)  -hBu(t)  (1) 

This  interconnected  system  with  delay  and  N  subsystems  can  be  further  decomposed  as 

.V 

Xj  CO  =  JCi  CO  +  (t  -  T(t)  )  +  B  jWi  +  ^  (f  “  T(t)  (2) 

;=i 


where  e  ^  ^  E  input  of  subsystems 

A  more  compact  notation  for  the  above  system  is 

x(t)  =  Aj^x{t)  +  Af^x(t)  +  +  B(ju(t)  (3) 

xCt)  =  A^xCt)  +  ADcix(t  -  tCO)  +  B£iw(t)  +  Acx  (t  -  T(t)  j 

where, 

AD=diag{Ai,Ai,...Ai^} 

Ac-(Aj) 

Bc=iBy) 


Delay  Independent  Stability 

A  condition  for  delay  independent  stability  is  given  in  Ref  [18].  We  extend  this  condition  and  propose  a  controller 
which  will  stabilize  the  system  independent  of  the  delay. 

Consider  a  continuous  time  controller,  with  time  delay  r 

u(t)  =  -Kx(k-T)  x(t)  =  Ax(t)  +  Bu(t  —  T(t))  (4) 

where,  T  is  the  unknown  constant  delay  bound  satisfying 

1<T  <T^ 

l<f <0<1 


Theorem  : 

The  above  delayed  system  is  globally  asymptotically  stable  independent  of  delay  if  there  exists  matrices 
0<P  =  P^  e  91™  and  0<Q  =  Q^  g  91™  satisfying  Algebraic  Riccati  Inequality  (ARI)^^ 
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Let  the  controller  be 


PA  +  £'P  +  PBKQ~^  (BKfP  +  Q<0 
K  =  -B~^P~^Q 


(5) 


Where,  P  is  obtained  from  the  ARI  as  shown  below 

PA  +  A^P  +  2Q<0 


(6) 

(7) 


It  can  be  shown  that  the  solution,  P  of  the  Algebraic  Riccati  Equation  is  also  the  solution  of  ARI  such  that  the  trace 
of  P  is  minimized.  Hence,  we  can  solve  the  following  Algebraic  Riccati  Equation  and  obtain  the  gain  matrix  K  . 

PA+A^P+2Q  =  Q  (8) 

This  gdiinK  will  always  satisfy  the  above  delay  independent  stability  condition.  However,  the  above  delay 
independent  controller  design,  though  robust,  is  more  conservative  than  the  delay  dependent  condition.  The 
controller  designed  using  the  above  technique  will  maintain  stability  of  the  system  against  the  time  delay  at  the  cost 
of  the  system  performance.  Hence,  in  order  to  improve  the  performance,  it  is  necessary  to  use  the  delay  dependent 
condition  during  controller  design.  Also,  in  reality,  the  engine  is  a  continuous  time  process  with  discrete  D^FADEC. 
In  order  to  accurately  represent  the  entire  system,  the  system  is  modeled  in  hybrid  time  sense,  with  continuous 
process  and  discrete  controller. 

Hybrid  Modeling 

Let  us  consider  a  discrete  controller 

u{k)  -  -Kx{k  -t)  k  -  0,1,2..  ^^9^ 

As  the  communication  protocol  is  time  trigged  protocol,  r  ,  which  is  the  time  for  one  TDMA  round,  is  constant 
and  known.  Using  sampling  at  sampling  time  h  and  Zero  Order  Hold  (ZOH),  a  discrete  time  model  can  be  obtained 
as  follows. 

x(k  + 1)  =  Aj^x(k)  +  A(^x{k)  +  +  B(ju{k) 

u(k)  =  -Kx(k-T) 


The  closed  loop  system  is  given  as 

x(k  + 1)  =  Aj^x(k)  +  A(jx{k)  -  Bj^Kx{k  -  r)  -  B(jKx{k  -  r) 

Control  gain  matrix  K  can  be  decomposed  as 

K  =  K^+Kc 


Hence,  closed  loop  equation  can  be  rewritten  as- 

x{k  + 1)  =  Aj^x{k)  +  Afjx{k)  -  Bj^Kj^x{k  -  r)  -  B(jKfjx{k  -  t) 

If  is  the  number  of  consecutive  packets  which  are  dropped,  or  in  other  words,  the  faulty  node  is  not  able  to 
transmit  for  consecutive  rounds,  then  the  closed  loop  system  becomes 

x{k  + 1)  =  Aj^x{k)  +  A(^x{k)  -  Bj^Kj^x{k  -nr)-  B(^K(^x{k  -nr) 

The  time  delay  UT  is  time  variant  and  can  be  replaced  by  (t),  which  is  the  total  time  variant  delay.  It  is  assumed 
thatTt(t)  satisfies 

0<r<r,(0<r^ax<* 

The  control  task  is  to  design  the  controller  gain^  K  which  will  maximize  '^max->  preserving  the  stability  and 
performance  of  the  system.  The  delay  dependent  stability  condition  for  hybrid  systems  given  in  Ref  [19]  was 
extended  under  decentralized  framework  and  tested  for  a  FlOO  engine  model  available  in  literature^^.  It  was  found 
that  the  FI 00  model  is  delay  dependent  stable  for  the  proposed  D^FADEC  architecture. 
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Conclusion 

Advanced  future  propulsion  control  demands  for  intelligent,  fault  tolerant  systems  necessitate  new  control 
system  development.  The  benefits  of  distributed  control  systems  are  beginning  to  be  recognized  in  the  engine 
community.  Decentralized  Distributed  Full  Authority  Digital  Engine  Control  (D^FADEC)  is  proposed  and  a 
mathematical  model  consisting  of  a  two-level  controller  structure  is  analyzed  for  performance  under  packet  dropouts 
and  time  delays.  A  controller  which  stabilizes  the  time  delay  system  based  on  delay  independent  stability  condition 
is  proposed.  The  proposed  D^FADEC  architecture  is  implemented  using  fiber  optics  and  is  validated  using  a  gas 
turbine  engine  model  for  stability  and  performance  under  both  time  delays  and  packet  dropouts. 
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FADEC  based  on  CCS 


Full  Authority  Digital  Engine 
Control  (FADEC) 

Centralized  control 
processor. 

Point  to  point  analog 
communication  between 
sensors  and  FADEC. 

A/D  and  D/A  circuitry 
housed  in  FADEC. 

Dual  channel  redundancy. 

Heavily  shielded  FADEC 
enclosure. 


FADEC  based  on  Centralized  Architeeture 
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Distributed  Engine  Control 


Smart 


Smart 

Actuator, 


Smart 


Smart 


Smart 


Smart 
Aetna  boi 


Each  sensor/actuator  replaced 
by  smart  sensor/actuator. 
Signal  processing  done  by 
smart  modules. 

Information  transfer  through 
serial  communication. 

Smart  modules  include 
processing  capability  to 
perform  health  diagnostics  and 
management  functions. 


FAOEC 

(DCS) 


FADEC  based  on  Distributed  Architecture 
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Advantages  of  DEC 


Weight  reduction. 

Cost  reduction. 

High  Modularity. 

Distribution  of  computational  burden. 
Improved  fault  diagnostics  and  prognostics. 
Obsolescence  mitigation. 

Use  of  open  system  standards. 

Scalability. 
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Networked  Control  Systems 


Basic  elements  of  NCS 

1.  Sensors 

2.  Actuators 

3.  Communication  network 

4.  Controller 


Actuators 

Plant 

Sensors 

> 

> 

C  Network  > 

I 


Controller 


Generic  NCS  Architecture 


FactoisJQ_b£_£or^idered  for  analysis  of  NCS 

•  (^[[P^ket  DropouT];) _ 

•  NetWuik  liKJtice^^me  Delay^ 

•  Channel  Bandwidth 
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Candidate  Communication 

Protocols 


figT87  environmental  control  systems 


•  MIL-STD-1553 

-  Space  Shuttle,  ISS 

•  SAFEbus 

-  Boeing  777  Avionics 

•  IEEE  1394b/Firewire 

-  JSF  Avionics 

•  IEEE  1451 
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Fiber  Optics  Physical  Layer 


Physical  Layer-  Fiber  Optics 

Use  of  Wavelength  Division  Multiplexing  (WDM) 

Reduction  in  Weight 

Immune  to  EMI 

High  Bandwidth 

Can  withstand  harsh  environment 
Integration  with  fiber  optic  sensing  technology 

-  Temperature 

-  Structural  Health  Measurement 
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D^FADEC  Architecture 


D^FADEC  with  TTP/C  Module  and  Fiber  Bus  Interface  Module  (FBIM) 
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D^FADEC  Architecture 
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D^FADEC  with  smart  sensors/actuator  and  Turbine/Supervisory  Controllers  1 1 


19 


AA 


T  •  H  •  E 

OHIO 

SIATE 

UNIVERSITY 


TTP/C  Bandwidth  Verification 


Number  of  Nodes 

25 

Number  of  smart  sensors  per  node 

10 

Sampling  Time 

100  Hz  (10  ms) 

TTP/C  Efficiency 

50% 

Application  Data 

36  bits 

Protocol  Overhead 

32  bits 

•  Frame  Header 

8  bits 

•  Cyclic  Redundancy  Check  (CRC) 

24  bits 

Maximum  effective  bit  rate  is  1  Mbits/sec 
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D^FADEC 


•  Decentralized  Distributed  Full  Authority  Digital 
Engine  Control  (D2FADEC) 

•  Stability  under  Packet  Dropouts 

-  Stochastic  Approach 

-  Deterministic  Approach 

•  Stability  under  Time  Delays 

-  Delay  Independent  Conditions 

-  Delay  Dependent  Conditions 
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Mathematical  Framework 


X  =  Ax  +  Bu 
y  =  Cx 


N 

^^^(AijXj  +  BjyUy) 

j=i 


N 

Vi  =  Ci^i 

J=1 


+ 


CijXj 


i  G  N 


S:  X  =  Aj)X  +  BpU  +  A(^x  +  Bf^u 

y  =  CjyX  +  CqX 
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Mathematical  Framework 


Control  Law  - 


K  =  Kj)+Kc 


Closed  Loop  System  - 

S:  X  =  Aj)X  +  A(^x 


where, 

~  (Ad  ~  ~  ^c^d) 

~  (^C  ~  ~ 
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Local  and  Global  Controllers 


Local  Controller 

u'  =  -Kjyy 

Global  Controller 

Kc  =  B#Ac 
uS  =  -Key 
u3  =  -Key 

where,  is  Moore  Penrose  inverse  of  B 
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Stochastic  Approach  for 
Packet  Dropouts 


1.  Decentralized  framework  increases  PDM. 

2. PDM  is  more  dependent  on  the  structure  of 

3.  PDM  depends  largely  on  system  partitioning. 

o  PDP  Packet  Dropping  Probability 

o  PDM  Packet  Dropping  Margin 

oK2(Ak)  Condition  number  of  Ak 
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Time  Delay  Systems 


x{t)  =  Ax(t)  +  Afix(t  —  t)  +  B^u(t  —  n) 
x(tQ  +  8)  =  0(8),  8  G  [-T,  0] 
u(tQ  +  j9)  =  (p(8),  8  G  \—Ti,  0] 
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Types  of  Delay  Conditions 


1 .  Delay  Independent  Condition 

•  Does  not  depend  on  delay  size 

•  More  conservative 

2.  Delay  Dependent  Condition 

•  Does  depend  on  delay  size 

•  Less  conservative 
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Delay  Independent  Stability 


x(t)  =  +  Bow(t) 

w(t)  =  —K[)X(t  —  t) 

Theorem:  The  above  delayed  system  is  globally 

asymptotically  stable  independent  of  delay  if 
there  exists  matrices  P  and  Q  satisfying 
Algebraic  Riccati  Inequality  (ARI) 

PAo  +  AjP  +  PBoKoQ-HBoKoYP  +Q<Q 


0<P  =  p''e9i"X'* 
0  <  Q  = 
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Controller  Design 


Let  the  Controller  be 

Kd  = 


Previous  condition  reduces  to 

PAo+Ad'^P  +  2Q  <0 


PAd  +Ad^P+  2Q=0 
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Hybrid  Modeling 


x(t)  =  Aijxit)  +  Acx(t)  +  +  Bcu(t) 

u{k)  =  —Kx(k  —  t)  k  =  0,1,2. .. 


Closed  Loop  System- 

x(k  +  1)  =  Aj)X(k)  +  Acx(k)  —  Bj)Kx(k  -  t)  -  BcKx(k  -  t) 
x(k  +  1)  =  Aj)X(k)  +  A^xQc)  —B^Kj^xOi  —  m)  —  B^K^xOi  —  m) 


0  <  T  <  TtCO  <  <  CO 
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Example 


Example-  F100  Engine 
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Aclosed  = 
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Conclusions 


Development  of  Fiber  Optic  Networked 
Decentralized  Distributed  Engine  Control. 

Study  of  stability  and  performance  of  D^FADEC 
under  both  time  delays  and  packet  dropouts. 

Development  of  a  delay  independent  controller. 

Verification  of  the  developed  theory  using  F100 
engine  model. 

Advantages  of 
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Thank  You 
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Limitations  of  FADEC 


•  Short  life 

•  Not  easily  upgradeable. 

•  High  overall  ownership  cost. 

•  Uses  non-standard  I/O  interface. 

•  Large  impact  of  obsolescence. 

•  Large  weight  penalty. 
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